Recent developments in indium phosphide space solar cell research by Brinker, David J. & Weinberg, Irving
/ 
NASA Technical Memorandum 1 0 0  139 
AIAA-87-9053 
Recent Developments in Indium Phosphide 
Space Solar Cell Research 
( N A S A - ! I n -  100139) BECELT C E l k I G E # E N I S  IN N87-26 1 4  1 
3 h C X U R  EHCSPHJDk EEACE SCLALH CELL BESEABCH 
(BASA) 13 p A v a i l :  blIS EC A C Z j f l E  A01 
CSCL 108 Unclas 
G3/20 0085264 
David J. Brinker and Irving Weinberg 
Lewis Research Center 
Cleveland, Ohio 
Prepared for the 
22nd Intersociety Energy Conversion Engineering Conference 
cosponsored by the AIAA, ANS, ASME, SAE, IEEE, ACS, and AIChE 
Philadelphia, Pennsylvania, August 10- 14, 1987 
-=r 
https://ntrs.nasa.gov/search.jsp?R=19870016708 2020-03-20T09:43:02+00:00Z
RECENT DEVELOPMEN1 S I N  I N D I U M  PHOSPHIDE SPACE SOLAR CELL RESEARCH 
David 3 .  Br inke r  and I r v i n g  Weinberg 
N a t i o n a l  Aeronaut ics and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 441 35 
SUMMARY 
Recent developments and progress i n  i n d i u m  phosphide s o l a r  c e l l  r esea rch  
Ind ium phosphide homojunct ion c e l l s  have f o r  space a p p l i c a t i o n  a r e  reviewed. 
been f a b r i c a t e d  i n  b o t h  the  n t p  and ptn c o n f i g u r a t i o n s  w i t h  t o t a l  area 
e f f i c i e n c i e s  o f  17.9 and '15.9 percent  ( a i r  mass 0 and 25 " C )  r e s p e c t i v e l y .  
Organometa l l ic  chemical  vapor depos i t i on ,  l i q u i d  phase e p i t a x y ,  i o n  imp lan ta .  
t i o n  and d i f f u s i o n  techniques have been employed i n  InP  c e l l  f a b r i c a t i o n .  A 
t h e o r e t i c a l  model o f  a r a d i a t i o n  t o l e r a n t ,  h i g h  e f f i c i e n c y  homojunct ion c e l l  
has been developed. 
was c a l c u l a t e d  u s i n g  t h i s  model w i t h  e m i l t e r  and base doping o f  6x1Ol7 and 
5x1Ol6 cm- r e s p e c t i v e l y .  C e l l s  of bo th  c o n f i g u r a t i o n s  have been i r r a d i -  
i r r a d i a t i o n ,  t h e  ntp c e l l s  a r e  more r a d i a t i o n  r e s i s t a n t  a t  h i g h e r  f l uences  
than t h e  p t n  c e l l s .  The f i r s t  f l i g h t  module o f  f o u r  I n P  c e l l 5  has been 
assembled f o r  t h e  L i v i n g  Plume Sh ie ld  111 s a t e l l i t e .  
A r e a l i s t i c a l l y  a l t a i n a b l e  AM0 e f f i c i e n c y  o f  20.5 pe rcen t  
0 m 
rn 
cr) 
I w a ted  w i t h  1 MeV e l e c t r o n s  and 37 MeV pro tons .  For b o t h  p r o t o n  and e l e c t r o n  
I N 1  K O D U C l  I O N  
Ind ium Phosphide ( I n P )  homojunct ion s o l a r  c e l l s  h o l d  g r e a t  promise f o r  
space power g e n e r a t i o n  because o f  t h e i r  i n h e r e n t  r a d i a t i o n  r e s i s t a n c e  and low 
temperature a n n e a l a b i l i t y  as w e l l  as t h e i r  p o t e n t i a l  f o r  h i g h  e f f i c i e n c y .  A 
development program, underway s ince  1984, has t h e  goa l  o f  maximiz ing t h e  end 
o f  l i f e  e f f i c i e n c y  o f  InP space c e l l s  through the  o p t i m i 7 a t i o n  o f  conve rs ion  
e f f i c i e n c y  arid r a d i a t i o n  to le rance .  Advanr emerit towdrd t h i s  goal  i s  beirrg rndrie 
through the  i n v e s t i g a t i o n  o f  a number o f  f a b r i t a t i o n  techniques,  p r o t o n  and 
e l e c t r o n  i r r a d i a t i o n  t e s t i n g ,  a i r c r a f t  f l i g h t  c e l l  c a l i b r a t i o n ,  and t h e  deve l  
opment of a f l i g h t  module f o r  t h e  L i v i n g  Plume S h i e l d  (LIPS) 111 s a t e l l i t e .  
I n  t h i s  paper we r e p o r t  on the  recent  progress i n  InP  c e l l  development, empha 
s i z i n g  work i n  the t h i s  c o u n t r y  and i n c l u d i n g  r e s u l t s  f r o m  abroad. 
SlAl t -OF-1HE- AR1 I N  CELL PEHFORMANCE 
S i g n i f i c a n t  progress has been made toward improv ing  t h e  convers ion e f f i  
c i e n c y  o f  InP space s o l a r  c e l l s  i n  both t h e  n t p  and ptn c o n f i g u r a t i o n s .  
P r e v i o u s l y  r e p o r t e d  r e s u l t s  ( r e f .  1) o f  InP AM0 e f f i c i e n c i e s  were r e s t r i c t e d  
t o . t h e  n tp  type.  
s i o n  o f  s u l f u r  o r  se len ium by e i t h e r  the open tube ( r e f .  2)  o r  sealed ampoule 
( r e f .  3 )  method. I n  the  pas t  year ,  however, h i g h  e f f i c i e n c i e s  have been meas 
ured i n  b o t h  c o n f i g u r a t i o n s  and c e l l s  have been f a b r i c a t e d  by l i q u i d  phdse e p i  
t axy  (!-PE) and o r g a n o m e t a l l i c  chemical vapor d e p o s i t i o n  (OMCVO) o f  t h e  a c t i v e  
l a y e r s  as w e l l  as t h e  d i f f u s i o n  technique. 
Furthermore, j u n c t i o n  f o r m a t i o n  was l i m i t e d  t o  t h e  d i f f u -  
The h i g h e r  m l n o r i t y  c a r r i e r  d i f f u s i o n  l e n g t h  o f  e l e c t r o n s  i n  p - InP  ( i n  
comparison t o  t h e  h o l e  d i f f u s i o n  l e n g t h  i n  n- InP)  makes t h e  p - t y p e  m a t e r i a l  t h e  
l o g i c a l  c h o i c e  f o r  t h e  base o f  t h e  s o l a r  c e l l .  A t  t h e  same t ime,  t h e  h i g h e r  
e l e c t r o n  m o b i l i t y  i n  n - I n P  can a l l o w  a sha l l ower  n - t y p e  e m i t t e r  f o r  a g i v e n  
doping l e v e l  than a p - t y p e  e m i t t e r .  For these reasons, t h e  ntp s t r u c t u r e  
appears t o  be the  c o n f i g u r a t i o n  o f  c h o i c e  and, consequent ly,  most i n v e s t i g a t o r s  
have concen t ra ted  t h e i r  e f f o r t s  i n  t h i s  d i r e c t i o n .  Table I summarizes t h e  
r e s u l t s  o f  AM0 measurements o f  ntp I n P  c e l l s  made by OMCVD, i o n  i m p l a n t a t i o n  
and open tube d i f f u s i o n .  The h i g h e s t  AM0 t o t a l  area e f f i c i e n c y  achieved t o  
d a t e  i s  17.9 percent i n  an n fpp t  c e l l  made by t h e  OMCVD j u n c t i o n  f o r m a t i o n  
technique ( r e f .  4 ) .  
Zn-doped I n P  subs t ra te  ( f i g .  1 ) .  
t h i c k  and serves as a b u f f e r .  The a c t i v e  base r e g i o n  i s  3 pm t h i c k  and 
Zn.doped t o  2x10I6 ~ m - ~ .  
and i s  doped w i t h  S i  t o  a l e v e l  o f  about 1Ol8 
e n t i r e l y  i n  e p i t a x i a l l y  grown m a t e r i a l  may e l i m i r i a t e  performance degrada t ion  
due t o  r e s i d u a l  defects  i n  t h e  s u b s t r a t e  caused by t h e  s l i c i n g  and p o l i s h i n g  
processes, as evidenced i n  i o n  imp lan ted  c e l l s .  l h e  OMCVO c e l l s  had a reduced 
space charge reg ion  ( S C H )  recomb ina t ion  c u r r e n t ,  which leads t o  an i nc reased  
f i l l  f a c t o r .  The OMCVO t echn ique  a l s o  a l l o w s  p r e c i s e  c o n t r o l  o f  e m i t t e r  t h i c k  
ness and the  p o s s i b i l i t y  o f  f u r t h e r  enhancement o f  performance th rough  t h e  use 
o f  graded dopant p r o f i l e s .  
I o n  implanted j u n c t i o n  c e l l s  were f a b r i c a t e d  by the  i m p l a n t a t i o n  o f  2 8 S i t  
i n t o  an I n P  s u b s t r a t e  Zn-doped t o  2x1Ol6 ~ m - ~ .  
0.2 urn. 
The lower f i l l  f a c t o r  I s  due t o  i nc reased  SCR recomb ina t ion  and s e r i e s  r e s i s t -  
ance. The increased s e r i e s  r e s i s t a n c e  r e s u l t s  f r o m  d i f f i c u l t i e s  i n  C o n t a c t i n g  
t h e  moderate ly  doped subs t ra tes  used. 
The c e l l  was formed by t h e  growth o f  t h r e e  e p i l a y e r s  on a 
The e m i t t e r  l a y e r  as grown i s  about 0.1 pm t h i c k  
Format ion o f  the c e l l  
The p t  l a y e r  (5x101* Zn/cm3) i s  0.5 pm 
E m i t t e r  t h i c k n e s s  was 
l h e  bes t  r e s u l t s  were ob ta ined  u s i n g  capless a n n e a l i n g  i n  f l o w i n g  PH3. 
Open tube d i f f u s i o n  o f  s u l f u r  was a l s o  used t o  f a b r i c a t e  nCp  c e l l s .  
c e l l  s t r u c t u r e  i s  shown i n  f i g u r e  2 and c e l l  performance i s  summarized i n  
t a b l e  1. l h e  source o f  s u l f u r  was a vacuum evaporated f i l m  o f  Ga2S3 which was 
encapsulated w i t h  Si02 t o  p reven t  deg rada t ion  o f  t h e  InP  s u r f a c e  ( r e f .  5 ) .  
A f t e r  d e p o s i t i o n  o f  t h e  Si02 l a y e r  i n  a C V D  r e a c t o r  by the  pyro1ys; is o f  s i l a n e  
and oxygen, d i f f u s i o n  o f  t he  s u l f u r  was c a r r i e d  o u t  a t  6-10 "C i n  f l o w i r i g  n i t r o  
gen f o r  25 min.  l h i s  technique r e s u l t e d  i n  ' u n c t i o n  depths o f  app rox ima te l y  
0.06 pm w i t h  a c a r r i e r  c o n c e n t r a t i o n  o f  6 ~ 1 0 ~ ~  cm-3. T h i s  techn ique  ho lds  
promise as a low c o s t  f a b r i c a t i o n  method and was used i n  t h e  f a b r i c a t i o n  o f  t h e  
InP  c e l l s  used I n  t h e  r a d i a t i o n  s t u d i e s  and on t h e  LIPS 111 f l i g h t  exper iment .  
The 
PkNNt I nP  so la r  c e l l s  have been f a b r i c a t e d  u s i n g  b o t h  OMCVD and LPE 
( r e f .  6 ) .  A novel  f e a t u r e  o f  t hese  c e l l s  ( f i g .  3) i s  t h e  i n c o r p o r a t i o n  o f  a 
h e a v i l y  doped p-In0,53Ga0.47As c o n t a c t i n g  l a y e r  on t h e  f r o n t  s u r f a c e  o f  t h e  
c e l l s .  The l a y e r  i s  p e r f e c t l y  l a t t i c e  matched t o  I n P  and has a l l owed  f o r  
f a b r i c a t i o n  o f  contacts  an o r d e r  o f  magnitude lower  i n  s p e c i f i c  c o n t a c t  r e s i s t  
ance than those obtained by d i r e c t l y  c o n t a c t i n g  t h e  I n P  p - l a y e r .  T h i s  l a y e r  
a l s o  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  c o n t a c t  me ta l  sp ikes s h o r t i n g  t h e  ex t reme ly  
t h i n  e m i t t e r .  For t h e  LPk c e l l s ,  t he  t h r e e  e p i t a x i a l  l a y e r s  were grown succes 
s i v e l y  i n  a convent ional  h o r i z o n t a l  growth system. 'The OMCVU c e l l s  were grown 
i n  h o r i l r o n t a l  atmospheric system u s i n g  a f a s t  s w i t c h i n g  r u n - v e n t  m a n i f o l d .  
Performance r e s u l t s  a r e  l i s t e d  I n  t a b l e  I .  
l a b l e  I1 summarizes the  r e s u l t s  o f  b o t h  homojunct ion I n P  c e l l s  and 110/ 
p- InP c e l l s  measured under t e r r e s t r i a l  c o n d i t i o n s .  The ntppt ,  p+n ( r e f .  7 )  and 
2 
p t i n  ( r e f .  8)  c e l l s  were made u s i n g  OMCVD, w i t h  t h e  performance measured u s i n g  
a c t i v e  areas.  
t i n  o x i d e  ( I T O )  ( r e f .  9 ) .  Evidence suggests t h a t  t h e  c e l l  i s  indeed a t r u e  n - p  
homojunct ion,  w i t h  t h e  i n d i f f u s i o n  of  t i n  f rom t h e  I T 0  forming t h e  n - t ype  
e m i t t e r .  I t s  performance was measured u s i n g  t h e  t o t a l  area.  
The ITO/p-InP c e l l  was made by t h e  vacuum d e p o s i t i o n  o f  i n d i u m  
I n P  s o l a r  c e l l s  on s i l i c o n  subs t ra tes  h o l d  t h e  promise f o r  h i g h  e f f i c i e n c y  
and r a d i a t i o n  hardness coupled w i t h  low c o s t  and l i g h t  we igh t .  
I n P  t h i n  f i l m s  have been s u c c e s s f u l l y  grown on S i  u s i n g  t h e  OMCVD technique 
( r e f s .  10 and 11). The major obstac les encountered i n  t h i s  approach a r e  t h e  
h i g h  d e n s i t y  o f  d i s l o c a t i o n s  i n  t h e  InP l a y e r  due t o  t h e  l a r g e  l a t t i c e  mismatch 
and t h e  development o f  cracks due t o  t h e  d i f f e r e n c e  i n  c o e f f i c i e n t s  o f  thermal  
expansion. The f i r s t  r e p o r t e d  r e s u l t s  o f  s o l a r  c e l l s  e f f i c i e n c i e s  i n  I n P  on 
S i  a r e  about 3 pe rcen t  ( A M l . S ) ( r e f .  1 1 ) .  Reduct ion of t h e  I n P  f i l m  d e f e c t  
d e n s i t y  i s  necessary b e f o r e  e f f i c i e n c i e s  approaching those achieved i n  conven- 
t i o n a l  c e l l s  a r e  achieved. 
S i n g l e  c r y s t a l  
THEORElICAL STUDIES 
To ensure con t inued  advances i n  c e l l  performance i n  terms o f  b o t h  e f f l -  
c i e n c y  and r a d i a t i o n  hardness and a b e t t e r  understanding o f  t h e  mechanisms 
l e a d i n g  t o  InP  r a d i a t i o n  t o l e r a n c e ,  a one-d imensional  model o f  t he  InP  sha l l ow  
homojunct ion was developed ( r e f .  1 2 ) .  The goa l  o f  t h e  s tudy  was t o  determine 
t h e  maximum r e a l i s t i c a l l y  a t t a i n a b l e  AM0 e f f i c i e n c y  and t h e  des ign  parameters 
wh ich  would y i e l d  t h i s  performance. The model i s  a l o w - i n j e c t i o n ,  c l o s e d - f o r m  
s o l u t i o n  model which i n c l u d e s  such cons ide ra t i ons  as: p o s i t i o n -  and wavelength- 
dependent o p t i c a l  g e n e r a t i o n  i n  the e m i t t e r .  base, space-charge and s u b s t r a t e  
reg ions ;  me ta l  c o n t a c t  area and f r o n t  SRV; s e r i e s  r e s i s t a n c e  dependence on g r i d  
geometry; and doping dependent m o b i l i t i e s  and d i f f u s i v i t i e s .  The e f f e c t  o f  
1 MeV e l e c t r o n  i r r a d i a t i o n  was fac to red  i n t o  t h e  model by decreas ing t h e  
i n d i r e c t  l i f e t i m e s  i n  t h e  e m i t t e r  and base and t h e  m i n o r i t y  m o b i l i t y  i n  the 
base. E n d - o f - l i f e  was chosen a r b i t r a r i l y  t o  be an e l e c t r o n  i r r a d i a t i o n  f l u e n c e  
of  1 .ox1015 cm-2. 
The des ign parameters f o r  a near-opt in ium n 'pp '  I n P  homojunct ion c e l l  a r e  
shown i n  t a b l e  111. The key fea tu res  o f  t h e  des ign  a r e  t h e  very sha l l ow  
e m i t t e r ,  doped t o  mid ~ m - ~  range, t h e  presence o f  a h e a v i l y  doped back 
s u r f a c e  f i e l d / b u f f e r  l a y e r  and a f r o n t  s u r f a c e  recomb ina t ion  v e l o c i t y  o f  l e s s  
t han  l x 1 0 5  cm/s. 
shown i n  t a b l e  I V .  The maximum achievable e f f i c i e n c y  i s  about 20.5 pe rcen t  
w i t h  r o u g h l y  10 pe rcen t  deg rada t ion  a f t e r  a f l u e n c e  o f  l x1015  1 MeV e-/cm2. 
l h i s  performance l e v e l  i s  based on the o p t i c a l  and e l e c t r o n i c  m a t e r i a l s  param- 
e t e r s  a v a i l a b l e  i n  a low d e f e c t  dens i t y ,  e p i t a x i a l l y  grown InP c e l l  u t i l i z i n g  
a b u f f e r  l a y e r  grown on a good q u a l i t y  s u b s t r a t e .  The r e s u l t s  o f  t h i s  model 
a r e  i n  f a i r  agreement w i t h  p r e d i c t i o n s  based on L o f e r s k i ' s  c a l c u l a t i o n s  o f  
e f f i c i e n c y  as a f u n c t i o n  o f  bandgap ( r e f .  13) .  I t  a l s o  i n d i c a t e d  t h a t ,  
a l t h o u g h  impress i ve  r e s u l t s  have been achieved i n  t h e  p a s t  year,  t h e r e  i s  s t i l l  
room f o r  r e a l i s t i c  improvement i n  InP space s o l a r  c e l l s  performance. 
The t o t a l  area, AMO, 25 " C  performance o f  t h i s  des ign  i s  
R A D I A T  I O N  LFFLCTS 
The e f f e c t  of r a d i a t i o n  on performance f o r  n f p  and ptn InP s o l a r  c e l l s  was 
determined ( r e f .  1 4 ) .  The n t p  c e l l s  were made by t h e  open tube d i f f u s i o n  
3 
method desc r ibed  e a r l i e r ,  w h i l e  t h e  p+n c e l l s  were f a b r i c a t e d  u s i n g  OMCVD. 
P r e i r r a d i a t i o n  performance d a t a  i s  g i v e n  I n  t a b l e  V.  The c e l l s  were i r r a d i a t e d  
w i t h  1 MeV e l e c t r o n s  i n  t h e  Naval Research L a b o r a t o r i e s  Van de Graaf genera to r .  
S o l a r  c e l l  measurements were c a r r i e d  o u t  a t  NASA Lewis Research Center,  u s i n g  
an AM0 xenon a r c  s i m u l a t o r .  Performance d a t a  i s  based on t o t a l  area, i n c l u d i n g  
t h a t  covered by the f r o n t  c o n t a c t s .  
r e s i s t a n c e ,  as seen i n  t h e  normal ized e f f i c i e n c y  p l o t  ( f i g .  4 ) .  The behav io r  
o f  t h e  rema in ing  parameters a t  cons tan t  h i g h  f l u e n c e  i s  summarized i n  t a b l e  V I .  
The ntp c e l l s  e x h i b i t  g r e a t e r  r a d i a t i o n  
The change i n  fill f a c t o r ,  a f t e r  i r r a d i a t i o n ,  i s  r e l a t i v e l y  sma l l  and 
approx ima te l y  the same f o r  b o t h  c o n f i g u r a t i o n s .  Hence r e l a t i v e  smal l  changes 
i n  shunt and se r ies  r e s i s t a n c e s  a r e  n o t  s i g n i f i c a n t  f a c t o r s  i n  comparing t h e  
two c o n f i g u r a t i o n s .  S i m i l a r l y ,  t h e  percentage change i n  Voc i s  a p p r o x i -  
ma te l y  the same f o r  b o t h  c e l l  types.  However, t h e  percentage l o s s  i n  Is, 
i s  s l i g h t l y ,  b u t  d e f i n i t e l y ,  l a r g e r  f o r  t h e  ptn c e l l .  For f u r t h e r  i n v e s t i g a -  
t i o n  o f  t h e  l o s s  i n  Is, we exam'ined t h e  normal ized s p e c t r a l  response shown i n  
f i g u r e s  5 and 6. i s  s h o r t  c i r c u i t  c u r r e n t  a t  wave- 
l e n g t h  A and 1 MeV e l e c t r o n  f l u e n c e  +, w h i l e  ( I S c ( A ) ) ,  i s  s h o r t  c i r c u i t  
c u r r e n t  i n  t h e  u n i r r a d i a t e d  c e l l  a t  t h e  same wavelength.  The p o s i t i o n  o f  t h e  
p -n  j u n c t i o n  i s  computed f r o m  the  o p t i c a l  p a t h  l e n g t h  1 / a ( A )  where a ( A )  i s  t h e  
a b s o r p t i o n  c o e f f i c i e n t  a t  wavelength A ( r e f .  1 5 ) .  From t h e  f i g u r e s  i s  i t  
seen t h a t  most o f  t h e  c u r r e n t  l o s s  occurs i n  t h e  e m i t t e r  o f  t h e  ptn c e l l  and 
i n  t h e  base o f  the ntp c e l l .  From p rev ious  r e s u l t s ,  i t  has been demonstrated 
t h a t  f o r  n tp I n P  c e l l s ,  r a d i a t i o n  r e s i s t a n c e  inc reases  as p-dopant concentra-  
t i o n  increases ( re f .  1 6 ) .  S ince t h e  z i n c  p-dopant  c o n c e n t r a t i o n  i n  t h e  p'n 
c e l l  i s  a t  l e a s t  an o rde r  o f  magnitude g r e a t e r  than t h a t  p resen t  i n  t h e  ntp 
c e l l  and s i n c e  m o s t  o f  t h e  damage occurs i n  t h e  p - r e g i o n s  o f  b o t h  c e l l s ,  one 
would a p r i o r i  expect compara t i ve l y  l e s s  r a d i a t i o n  r e s i s t a n c e  i n  t h e  ntp c e l l .  
S ince  t h i s  i s  n o t  t h e  case f o r  t he  p resen t  c e l l s ,  t h e  c u r r e n t  r e s u l t s  a r e  con- 
s i d e r e d  t o  be anomalous. I n  any event,  i t  i s  concluded t h a t  t h e  r e l a t i v e l y  
decreased r a d i a t l o n  r e s i s t a n c e  o f  t h e  ptn c e l l  i s  due t o  compara t i ve l y  
g r e a t e r  l osses  i n  t h e  h e a v i l y  doped e m i t t e r  r e g i o n .  
I n  the  f i g u r e s ,  ( I s c ( A ) ) +  
I n P  c e l l s  were  a l s o  i r r a d i a t e d  u s i n g  37 MeV p r o t o n s  t o  a t o t a l  f l u e n c e  o f  
2 . 6 ~ 1 0 ~ ~  cm2. The n'p c e l l s  were, as i n  the e l e c t r o n  s tudy,  made by t h e  open 
tube d i f f u s i o n  technique. The p tn  c e l l s  were f a b r i c a t e d  u s i n g  OMCVD. A t  t h e  
same t i m e  h i g h  e f f i c i e n c y  GaAs c e l l s  o f  b o t h  c o n f i g u r a t i o n s  were i r r a d i a t e d .  
l h e  r e s u l t s  a r e  shown I n  f i g u r e  7 .  As  i n  the  e l e c t r o n  case, t h e  ntp c o n f i g u -  
r a t i o n  i s  more r a d i a t i o n  t o l e r a n t  than the ptn c e l l s .  As i s  a l s o  seen i n  
e l e c t r o n  r a d i a t i o n  s t u d i e s ,  I n P  i s  more r a d i a t i o n  t o l e r a n t  than GaAs. 
LIPS I I I FLIGHT E X P E R I M t N I  
The d e c i s i o n  o f  t h e  Naval Research Labora to ry  t o  f l y  t h e  t h i r d  L i v i n g  
Plume S h i e l d  ( L I P S  111) s a t e l l i t e  i n  1987 has p r o v i d e d  t h e  f i r s t  o p p o r t u n i t y  
t o  o b t a i n  f l i g h t  data,  i n c l u d i n g  r a d i a t i o n  exposure, o f  I nP  s o l a r  c e l l s .  We 
have assembled a module o f  f o u r  n'p I n P  homojunct ion c e l l s  on a 5 cm2 aluminum 
s u b s t r a t e .  The InP s o l a r  c e l l s  were made by t h e  open tube d i f f u s i o n  technique 
desc r ibed  e a r l i e r .  F i f t e e n  c e l l s  were ob ta ined  f o r  t h e  f l i g h t  exper iment  w i t h  
t h e  b e s t  e f f i c i e n c y  o f  t h e  l o t  t he  14 .3  pe rcen t  desc r ibed  i n  t a b l e  1. 
A s i l v e r  p l a t e d  Kovar i n t e r c o n n e c t  was so lde red  t o  t h e  back of  each c e l l .  
F r o n t  c o n t a c t  cons i s t s  o f  s i x  1.0 m i l  g o l d  w i r e s  u l t r a s o n i c a l l y  bonded t o  t h e  
f r o n t  c o n t a c t  pad and a g o l d - p l a t e d  Kovar bus tab .  The des ign  was s imple,  y e t  
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rugged enough t o  s u r v i v e  a l l  p r e f l i g h t  t e s t i n g .  The c e l l s  were g lassed u s i n g  
12 m i l  CMX coverg lass  and t h e  module was assembled u s i n g  s tandard  s i l i c o n e  
space q u a l i f i e d  adhesives and Kapton i n s u l a t i o n .  Each c e l l  was independent ly  
w i r e d  u s i n g  a f o u r  w i r e  connect ion,  thus a l l o w i n g  f o r  redundancy i n  case o f  t h e  
f a i l u r e  o f  any s i n g l e  c e l l  as w e l l  as t h e  performance measurement o f  any s i n g l e  
c e l l .  A t h i n  f i l m  p l a t i n u m  r e s i s t a n c e  temperature d e t e c t o r  was mounted under a 
f i f t h ,  nonopera t i ve  c e l l  l o c a t e d  i n  the c e n t e r  o f  t h e  module. 
The AM0 t o t a l  area e f f i c i e n c i e s  o f  t h e  f o u r  f l i g h t  c e l l s  ranged f rom 
11.9 t o  12.3 percent  be fo re  assembly i n t o  t h e  module. 
decreased about one percentage p o i n t ,  rang ing  f rom 10.9 t o  11.5 p e r c e n t .  
d rop  can be a t t r i b u t e d  t o  l i g h t  a t t e n u a t i o n  th rough t h e  coverg lass  and adhesive 
and the  e f f e c t  o f  t h e  i n t e r c o n n e c t  welding and s o l d e r i n g  procedures.  
A f t e r  assembly, they  
Th is  
SUMMAHY OF RESULIS 
S i g n i f i c a n t  ga ins  i n  e f f i c i e n c y  for InP  space c e l l s  has been made i n  b o t h  
t h e  nCp and ptn c o n f i g u r a t i o n s  w i th  17.9 and 15.9 percent ,  r e s p e c t i v e l y ,  
the  b e s t  t o  da te .  C e l l s  have been made w i t h  a v a r i e t y  o f  techn iques  amenable 
t o  mass p roduc t i on ,  i n c l u d i n g  OMCVD, LPE and d i f f u s i o n .  T h e o r e t i c a l  s t u d i e s  
i n d i c a t e  t h a t  20.5 pe rcen t  i s  p o s s i b l e  w i t h  r e a l i s t i c  m a t e r i a l s  p r o p e r t i e s  and 
c e l l  des ign .  The s u p e r i o r i t y  o f  InP over GaAs when sub jec ted  t o  1 MeV e l e c t r o n  
and 10 and 37 MeV p r o t o n  f l uences  has been demonstrated by r a d i a t i o n  t e s t i n g .  
A f l i g h t  module o f  f o u r  n+p c e l l s  has been prepared f o r  t h e  LIPS I 1 1  e x p e r i -  
ment and w i l l  y i e l d  the  f i r s t  f l i g h t  data f o r  InP. 
I n  conc lus ion ,  t h e  development o f  InP s o l a r  c e l l s  f o r  space a p p l i c a t i o n  
i s  c o n t i n u i n g  a t  a rap'id pace. There appears t o  be no major  impedlment f o r  
f u r t h e r  improvements i n  performance and u t i l i z a t i o n  f o r  space power genera t i on .  
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TABLE I .  - A I R  MASS ZERO CELL PARAMETERS OF InP HOMOJUNCllON SOLAR CEI-1s 
Growth 
technique 
OMCVD 
i o n  implant .  
d l f f u s e d  
OMCVO 
LPE 
C e l l  type 
ntPPt 
n+P 
n+P 
Ef f ic iency,a Jsc, Voc, FF, Reference 
17.9 33.9 868 83.7 4 
14.0 31.8 801 75.3 4 
14 .3  30.6 814 78.8 5 
15.9 32.8 864 76.7 6 
15.0 29.3 866 81.0 6 
percent mA/cm2 mV percent  
ptnnt 
p+nn+ 
A i r  mass 
1 . 5  I 
Ef f l c iency ,  Jsc, Voc, F F ,  Reference 
percent  mA/crnZ mV percent  
a20.0 30.0 830 80.0 7 
b16.5 27.9 790 74.8 9 
1 28.2 835 78.8 8 
a22.0 35.8 811 76.0 8 
"Measurements performed a t  NASA Lewis Research Center; t o t a l  area, 
137.2 mW/cm2; 25 O C .  
TABLE 
C e l l  type 
n tPP 
Ptn 
p + i n  
ITO/p- InP 
aAc t i ve  area, 100 mW/cm2; 20 O C .  
b l o t a l  area, 100 mW/cm2; 25 "C. 
' 
t t  
TABLt 111. -- DESlGN P A R A M t l t H S  F O R  n pp ZnP 
HOMOJUNCl ION SOLAR CELL 
~ 
Junc t ion  area, cm2 . . . . . . . . . . . . . .  1.00 
Gr id  coverage, percent . . . . . . . . . . . .  6.00 
S p e c i f i c  con tac t  res is tance,  Q-cm . . . .  1 .0~10-3  
I n t r i n s i c  c a r r i e r  conc., cm-3 . . . . . .  1.65~107 
Front  SRV, cm/sec . . . . . . . . . . . . .  1x10s 
Nt e m i t t e r  w id th ,  A . . . . . . . . . . . . .  400 
P base w ld th ,  urn . . . . . . . . . . . . . . .  1.50 
P base doping, . . . . . . . . . . .  5 . 0 ~ 1 0 ~ ~  
Pt  BSF/buffer width,  pm . . . . . . . . . .  250 
P t  BSf/buffer dop ing ,  cm-3 . . . . . . . .  5 . 0 ~ 1 0 ~ ~  
N t  e m i t t e r  doping, cm-3 . . . . . . . . .  6.0~1017 
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t t  
TABLE I V .  - THEOR€lICAL AM0 P€RFORMANC€ OF n pp 
1nP HOMOJUNCl ION SOLAR CELL 
I I BOL I EOL I EOIJBOL I 
J,, mA/cm2 36.53 36.09 0.988 
voc* mV 901.6 839.9 .932 
FF,  percent  84.79 82.34 .971 
E f f l c l ency ,  percent  20.34 1 18.18 .894 
TABLL V.  - InP P R E I R R A D I A l l O N  PERFORMANCt 
PARAMkl ERS i;(k;l l E f f l c k v w *  1 Vie, 1 ;Ic, 1 FF, 1 
percent  mA/cm2 percent  
12.9 0.815 26.3 82.6 
12.7 .814 82.3 
13.9 0.843 32.4 70 
7 1 14.7 .858 33 
Pfn  
A 
TABLE V I .  - NORMALIZLD InP CELL PARAM€I€RS AT C O N S l A N l  
H I G H  FLUEN€k 
[ InP: Ntp and ptn. d = 1 MeV e l e c t r o n  
f luence = 3x1015/cm2.1 
InP ptn 0.85 0.96 1 1 ntp 1 .82 I -93 I O:; 1 0.94 1 .95 
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